Abstract Focusing particles into a tight stream is usually a necessary step prior to separating and sorting them. We present herein a proof-of-concept experiment of a novel particle focusing technique in DC electrokinetic flow through a planar serpentine microchannel. This focusing stems from the cross-stream dielectrophoretic motion induced within the channel turns. The observed particle focusing behavior is consistent with the predicted particle trajectories from a numerical modeling.
Introduction
Focusing particles (both biological and synthetic) into a tight stream is usually a necessary step prior to separating and sorting them (Huh et al. 2005; Chung and Kim 2007; Pamme 2007; Ateya et al. 2008) . Particle focusing may be realized by using hydrodynamic (Lee et al. 2006; Simonnet and Groisman 2006; Chang et al. 2007; Tsai et al. 2008) or electrokinetic (Fu et al. 2003; Yang et al. 2005; Kohlheyer et al. 2008 ) sheath flows to pinch the suspending medium and thus focus particles. This approach, however, requires a precise control of the flow rate of both the sheath flows and the particle stream. Particle focusing may also be achieved by applying an external force field, e.g., optical (Zhao et al. 2007 ), acoustic (Shi et al. 2008) , electrophoretic (Takahashi et al. 2003) , or AC dielectrophoretic (Lin et al. 2004; Yu et al. 2005; Cheng et al. 2007; Tornay et al. 2008) , to manipulate particles directly to their equilibrium positions. This approach, however, requires an additional pressure-pumping of the particle stream, not to mention the extra set ups for generating the external forces. Moreover, the particle throughput is often limited as the time for forces to act on particles decreases with increasing flow rate.
The concurrent pumping of the particle stream and focusing of particles have been realized by DC electrokinetic flow via the induced dielectrophoretic particle motion. However, an array or pairs of insulative microstructures such as oil menisci (Cummings and Singh 2003; Xuan et al. 2006; Thwar et al. 2007 ) are necessary parts within the microchannel in order to create the non-uniform electric field. Moreover, the generally strong electric field, shear stress and Joule heating in the constrictions formed by the microstructures may pose significant problems to cell viability (Voldman 2006) . Another approach to focusing particles is based on particle hydrophoresis that is generated by the lateral pressure gradient induced in a channel comprising an array of obstacles on the top and bottom walls (Choi et al. 2007; Choi and Park 2008) . This approach is, however, sensitive to the structure of the obstacles and requires a non-trivial fabrication. Recently, inertia has also been exploited to implement a continuous focusing of particles in curved microchannels (Di Carlo et al. 2007 Mao et al. 2007; Seo et al. 2007a, b) . The equilibrium position of the focused particle stream is, however, dependent on the Reynolds number. Moreover, particles may become defocused when the Reynolds number is above one threshold value.
In this paper, we introduce a novel particle focusing technique in DC electrokinetic flow through a planar serpentine microchannel with constant width and depth. This focusing stems from the cross-stream dielectrophoretic motion of particles induced within the channel turns. Neither an extra pressure-pumping nor embedded microstructures are required in this DC dielectrophoretic focusing of particles. Figure 1 shows the electric field lines (E, with arrows indicating the direction) and the contour of electric field intensity (the darker the higher) in one s-shaped period of a serpentine microchannel, i.e., a left U-turn immediately followed by a right U-turn. It is apparent that the electric field becomes non-uniform and attains the maximum and minimum values at the inner and outer corners of each of the four 90°turns. Hence, particles experience a dielectrophoretic force, F DEP (bold symbol denotes a vector hereafter) when they move electrokinetically through a channel turn. In DC electric fields, F DEP on an isolated spherical particle is given by (Morgan and Green 2002) 
Mechanism
where e f is the fluid permittivity, d the particle diameter, f CM the so-called Clausius-Mossotti (CM) factor, E the electric field vector, r p the electric conductivity of particles, and r f the electric conductivity of the suspending fluid. Note that Eq. 1 is valid only for weak electrolyte solutions (Shilov et al. 2000) and small particles (more accurately, the size of the particle is much smaller than the characteristic length scale of the electric field) (Morgan and Green 2002) .
As polystyrene particles and live biological cells appear insulating in DC and low-frequency AC electric fields (\100 kHz) (Ermolina and Morgan 2005; Voldman 2006 ), we generally have r p \ r f and so f CM \ 0 leading to negative dielectrophoresis. In other words, F DEP is directed toward the lower electric field region as indicated in Fig. 1 . Therefore, particles will migrate across streamlines from the inner corner to the outer corner in each of the turns. As a matter of fact, the streamlines are equivalent to the electric field lines illustrated in Fig. 1 due to the similarity between flow and electric fields in pure electrokinetic flows (Santiago 2001) . Since the inner and outer corners switch between the left and right U-turns, particles will experience F DEP of alternate directions within the turns. Moreover, as F DEP is always stronger in the inner corner than in the outer corner, particles tend to be deflected toward the channel center region in each of the serpentine period (see Fig. 1 ). The overall consequence will thus be a focused particle stream along the channel centerline.
By balancing F DEP and the electrophoretic force with the Stokes drag force, one can obtain the net particle velocity, U p , as
which is composed of the electrokinetic motion (a combination of fluid electroosmosis and particle electrophoresis), U EK , and the dielectrophoretic motion, U DEP . In the last equation, l EK is the electrokinetic mobility, l DEP the dielectrophoretic mobility which is negative as f CM \ 0, and l f the fluid viscosity. Note that the particle and fluid inertial motions have been neglected in Eq. 2 as the Reynolds and Dean numbers are both small ((1) under the experimental conditions (Di Carlo et al. 2007 . As the particle focusing is attributed to the cross-stream dielectrophoretic motion, we may conveniently express the particle velocity, U p , in terms of streamline coordinates (see Fig. 1 ),
where U DEP;s is the dielectrophoretic particle velocity in the streamline direction with the unit vectorŝ; U EK the streamwise electrokinetic velocity, U DEP;ñ the dielectrophoretic particle velocity normal to the streamline direction with the unit vectorn; E the electric field intensity, and < Fig. 1 Mechanism of the DC dielectrophoretic focusing of particles in a serpentine microchannel (only one s-shaped period is exhibited). Both the induced dielectrophoretic force in each turn and the particle velocity components in streamline coordinates are illustrated. The background shows the contour of electric field intensity (the darker the higher). The arrowed curves represent the electric field lines (E) the radius of curvature of the streamline which should follow closely the turn radius when fluid inertia is negligible.
The efficiency of the DC dielectrophoretic focusing of particles in a serpentine microchannel is determined by the ratio of the distance a particle moves perpendicular to the streamline to the distance travelled along the streamline. This ratio, the larger the better focusing, is equivalent to the ratio of particle velocity perpendicular and parallel to the streamline, i.e., U DEP;ñ =ðU DEP;s þ U EK Þ as seen in Eq. 3, which may be approximated as
where U DEP;s has been assumed to have a much smaller magnitude than U EK . This assumption is generally valid in microchannels with a constant width unless U EK is trivial due to the counter-balanced particle electrophoresis and fluid electroosmosis. Hence, a larger electric field and/or a smaller turn radius should provide a better focusing. However, it is important to note that a microchannel turn with a very small radius, i.e., a sharp turn, may induce a non-linear electrokinetic flow due to the electric field leakage (Thamida and Chang 2002) , which is believed to affect the particle focusing performance. In addition, as l DEP is proportional to the particle diameter squared (see Eq. 2) while l EK is only a weak function of particle size (Anderson 1989 ), the dielectrophoretic focusing should work more efficiently for larger particles.
Experiment
Figure 2 displays a picture of the serpentine microchannel used in our experiments. It was fabricated in polydimethylsiloxane (PDMS) using the soft lithography technique (Duffy et al. 1998 ). The detailed procedure was given elsewhere . The channel comprises a 1 cm long serpentine section between two 0.5 cm long straight sections. It has a uniform depth of 25 lm as calculated from the speed of photoresist spinning. The inset in Fig. 2 shows the close-up view of the curved part. The channel is 50 lm wide. The width and height of every U-turn are both 200 lm. Original solutions of polystyrene particles of 5 and 10 lm in diameter (Sigma-Aldrich, St. Louis, MO) were re-suspended in 1 mM KCl at a volume ration of 1:50 and 1:20, respectively. The electric field was supplied by a DC power supply (Glassman High Voltage Inc., High Bridge, NJ). Particle transport through the serpentine channel was visualized through an inverted microscope (Nikon TE2000-U) equipped with a CCD camera (Nikon DS Qi1MC).
Modeling
In order to understand and predict the observed particle focusing behavior, we developed a numerical model to simulate the electric field-mediated particle transport through the serpentine microchannel. This model is based on that developed by Kang et al. (2006a, b) . For simplicity, the perturbations of particles on the flow and electric fields (via moving boundaries in both fields due to the finite particle size) were both neglected in our model, so were the particle-particle interactions. Instead, a correction factor c was introduced to account for the effects of particle size (and others if any) on the dielectrophoretic velocity. As such, the particle velocity in Eq. 2 is revised as
This velocity was used in a particle tracing function in COMSOL (Burlington, MA) to compute the particle trajectory. Particles were assumed massless and uniformly distributed at the channel inlet. As particle dielectrophoresis happens only in the channel width direction, a 2D model was employed to predict the particle focusing without considering the effects of top and bottom channel walls on particle motion. This treatment has been proved reasonable in our recent studies (Kang et al. 2006a, b) .
In our numerical model, the electrokinetic mobility, l EK , was obtained by measuring the average particle velocity in the straight section of the microchannel, which is 5.5 9 10 -8 m 2 /(V s) for both 5 and 10 lm particles with an error of 10%. The dielectrophoretic mobility, l DEP , was calculated from Eq. 2 with the typical dynamic viscosity, l = 0.9 9 10 -3 kg/(m s) and permittivity e f = 6.9 9 10 -10 C/(v m) for pure water at 25°C. The calculated electric conductivities of 5 and 10 lm particles, i.e., r p in Eq. 1, are 8.96 and 4.48 lS/cm, respectively, if the surface conductance is assumed to be 1 nS as suggested by Ermolina and Morgan (2005) . The measured electric conductivity of the solution, i.e., r f in Eq. 1, is about 160 lS/cm. Therefore, the CM factor, i.e., f CM as defined in Eq. 1, was determined as -0.46 and -0.48 for 5 and 10 lm particles, respectively. Under the assumption of a uniform electric conductivity of the suspending fluid, the electric field E = -r/ was computed by solving the Laplace equation r 2 / = 0. The boundary conditions include the voltage drop between the channel ends and the insulating condition on the channel walls. The correction factor c was determined by fitting the predicted particle trajectories to the width of the observed particle stream at the exit of the serpentine section. Figure 3a illustrates the experimentally obtained streak images of 5 lm particles in the entrance (top) and exit (middle and bottom) regions of the serpentine section of the microchannel. The applied electric potential drops across the entire channel (2 cm straight length) are 200 and 400 V for the middle and bottom images, corresponding to a nominal electric field of 10 and 20 kV/m (the true values are 7.7 and 15.4 kV/m in the straight section), respectively. At both electric fields, particles are almost uniformly distributed prior to entering the serpentine section (top), indicating a zero-focusing effect in the straight section of the channel. In the exit region of the serpentine section, however, particles are moving in a focused stream along the channel centerline as expected. Moreover, the width of the focused particle stream decreases with the rise of electric field as noted above. It is estimated that over 1,200 particles can be dielectrophoretically focused within one minute in this serpentine microchannel at the electric field of 20 kV/m. Figure 3b shows the numerically predicted trajectories of 5 lm particles in the serpentine microchannel at the same conditions as those in the experiments. The correction factor c was set to 0.5. Close agreements between the experimentally and numerically obtained widths of the focused particle stream were found for both electric fields. Using this model, we have also extracted the width of 5 lm particle stream with respect to the number of serpentine periods (refer to Fig. 1 ) that particles have passed through. The applied electric field was 20 kV/m. As illustrated in Fig. 4 , the initially uniformly distributed particles (with an assumed width of 50 lm) get focused as they migrate electrokinetically through the serpentine channel. Moreover, the focusing performance decreases along the channel (reflected by the decreasing slope of the illustrated curve in Fig. 4 ) because the overall cross-stream dielectrophoretic motion in one serpentine period becomes smaller when particles move closer to the centerline. Figure 5a compares the streak images of 5 lm (top) and 10 lm (bottom) particles in the exit region of the serpentine section of the microchannel at a nominal electric field of 10 kV/m. The measured width of the focused 10 lm particle stream is 13 lm, which is as expected smaller than that for 5 lm particles (the measured width is about 23 lm). The numerically predicted trajectories of 10 lm particles in the serpentine microchannel at the experimental condition are displayed in Fig. 5b (bottom) . The correction factor c was set to 0.3 for the best fit to the measured width of the focused particle stream. While c has been found insensitive to the applied electric field for both 5 and 10 lm particles, it is still uncertain whether c varies with the particle concentration and the channel structure, etc. We are currently examining this issue. Number of serpentine periods Width of particle stream (µm) Entrance of the serpentine section Exit of the serpentine section Fig. 4 Illustration of the 5 lm particle stream width with respect to the number of serpentine periods (refer to Fig. 1 ) that particles have passed through. The applied electric field is 20 kV/m Besides the ratio of particle velocity perpendicular and parallel to the streamline as given in Eq. 4, the ultimate width of the focused particle stream in a serpentine microchannel is also dependent on the channel width and length (the total channel length in the serpentine section). In order to be focused to the channel centerline, all particles should have sufficient times to traverse at least half of the channel width before traveling out of the serpentine section. Therefore, reducing the width and increasing the length of the serpentine section should both improve the DC dielectrophoretic focusing of particles. More accurately, the latter condition should be replaced by the number of serpentine periods because particle dielectrophoresis only takes effects within the channel turns and the straight channels between them contribute little to focusing. It is also beneficial to use an AC electric field to generate the cross-stream dielectrophoretic particle motion while the pumping of the particle stream may be realized by a DC electric field or pressure gradient. We note that DC-biased AC electric fields have been recently employed to improve the dielectrophoretic separation of particles in structured microchannels (Hawkins et al. 2007; Lewpiriyawong et al. 2008) .
Results and discussion
If a very high DC electric field or a DC-biased AC field with a very small DC component is applied, the induced cross-stream dielectrophoretic motion may become dominant over the streamwise electrokinetic motion. As a consequence, particles will be quickly focused in a serpentine microchannel. This is supported by our numerical modeling of 5 lm particle trajectories at high DC electric fields (i.e., 100, 200 and 500 kV/m) as illustrated in Fig. 6 . The particle, solution and channel properties were all assigned the same values as those used in the above validated simulations. It is apparent that particles are already well focused after passing through the first 2-3 serpentine periods at the electric field of 500 kV/m. However, the focused particle stream does not flow along the channel centerline as observed at small electric fields (see Figs. 3 and 5), but meanders across the fluid stream in the serpentine section. As the electric field of hundreds of kV/ m is rarely used in typical microfluidic applications, we will test the predictions in Fig. 6 in future experiments using a DC-biased AC electric field with very small DC components. For example, our model confirms that the particle focusing performance at the 500 kV/m DC field is comparable to that at a 20 kV/m DC-biased AC field with the DC to AC field ratio being set to 0.04.
Conclusions
We have demonstrated proof-of-concept of a novel particle focusing technique based on the cross-stream dielectrophoretic particle motion in the turns of a serpentine microchannel. The favoring of large electric fields makes this focusing technique very appealing as the efficiency and the particle throughput may be enhanced simultaneously. Moreover, the footprint of a serpentine microchannel can be readily made very small to save space for other integrated functionalities on microfluidic chips. This DC dielectrophoretic particle focusing technique is superior to the existing AC dielectrophoretic focusing technique in that both the in-channel microelectrodes and the external pumping force are eliminated. Hence, the fabrication and operational costs are reduced. We envision direct near-term applications of this novel focusing technique in continuous bioparticle separation and flow cytometry for a wide range of technological solutions in biology, medicine and industry.
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